H eat shock protein 90 (Hsp90) is a molecular chaperone essential for eukaryotic cell viability and protein homeostasis (proteostasis). Within the cell, Hsp90 plays a critical role in helping to fold, assemble, and maintain the proper 3D structures of a variety of proteins, referred to as clients (1, 2) . In cancer cells, these client proteins are involved in many oncogenic processes such as aberrant cell proliferation, metastasis, and angiogenesis (3) . Moreover, cancer cells that experience various damaging effects due to microenvironmental stresses such as hypoxia and nutrient deficiency up-regulate Hsp90 to enable survival (4, 5) . Consequently, Hsp90 is the subject of numerous drug discovery efforts in cancer and other diseases characterized by disordered proteostasis (6) .
By virtue of its function as a master regulator of protein folding, Hsp90 is one of the most highly conserved and abundantly expressed proteins across all species. In eukaryotic cells, under nonstress conditions, Hsp90 accounts for 1 to 2% of total protein load, but under cellular stress these levels can increase to 4 to 6%. There are two major cytoplasmic isoforms of Hsp90: the stress-inducible Hsp90α and the constitutively expressed Hsp90β. These isoforms share 85% sequence identity and display significant functional redundancy, although each paralog has also developed distinct cellular functions during evolution (7, 8) . Unfortunately, current pharmacologic approaches do not allow interrogation of isoformspecific function, because currently available agents are not able to clearly distinguish between Hsp90α and Hsp90β (9) . Other organelle-specific Hsp90 paralogs include glucose-regulated protein 94 kDa (GRP94) in the endoplasmic reticulum and tumor necrosis receptor-associated protein 1 (TRAP1) in mitochondria (10, 11) . All Hsp90 family members couple ATP binding and hydrolysis to a cycle of conformational rearrangements that drive chaperone activity (12) . Hsp90α and Hsp90β require the physical interaction of a group of cohort proteins, referred to as cochaperones, to aid in client delivery, ATP hydrolysis, and conformational cycling (13) (14) (15) . When the chaperone cycle is blocked by Hsp90 inhibitors, client proteins are unable to fully mature, and instead become ubiquitinated and degraded within the proteasome (16, 17) .
At physiological conditions, each Hsp90 paralog exists as a homodimer composed of three highly conserved and structurally distinct domains: the N-terminal domain (NTD) with an adenosine triphosphate (ATP)-binding pocket, which regulates N-domain conformational dynamics; the middle domain (MD), which is involved in client recognition/binding and is necessary for ATPase competence; and the C-terminal domain (CTD), which ensures Hsp90 dimerization and also contains binding sites for various cochaperones including Hop, FKBP52, Cyp40, and CHIP (18) . Upon ATP binding, the two NTDs dimerize and initiate a conformational cycle that drives client protein folding with the assistance of cochaperones including Aha1, p23, and Cdc37 (19) (20) (21) .
The conserved ATP-binding pocket of all Hsp90 paralogs has been the target of most drug discovery efforts and is the binding site for various clinically evaluated inhibitors such as 17-allylaminogeldanamycin (17-AAG), ganetespib (STA-9090), and SNX-2112 (22) (23) (24) . In addition, the CTD domain of Hsp90 contains a second drug-binding site (e.g., for novobiocin and other C-terminal Hsp90 inhibitors) (25) (26) (27) . However, despite robust preclinical data, clinical studies with these inhibitors have reported only modest singleagent activity, highlighting the need to identify additional druggable
Significance
The molecular chaperone heat-shock protein 90 (Hsp90) is a key member of the cellular proteostasis network, and as such helps to protect cells against proteotoxic stress. Cancer cells have upregulated members of this network, including Hsp90, to promote their survival and growth. Several Hsp90 inhibitors have undergone clinical trials, but these drugs, which bind to a shared nucleotide pocket in the N-terminal domain, do not differentiate between the four Hsp90 family members [Hsp90α, Hsp90β, GRP94 (glucose-regulated protein 94 kDa), and TRAP1 (tumor necrosis receptor-associated protein 1)]. In this report, we identify a pharmacophore contained within the natural product gambogic acid that binds uniquely to a site in Hsp90β, thus identifying this compound as a prototype of a new class of isoform-specific Hsp90 inhibitors.
sites on Hsp90, as well as new small molecules with improved paralog selectivity (28, 29) . Although recent drug discovery efforts have moved in this direction (30) , to date the only paralog-specific inhibitors identified are for GRP94 (31) (32) (33) as well as an inhibitor with a moderate preference for Hsp90α (34) . At present, there are no selective Hsp90β inhibitors, making it difficult to explore the distinct cellular roles for this constitutively expressed Hsp90 protein without resorting to genetic approaches.
The natural product gambogic acid (GBA), a polyprenylated xanthone derived from the resin of Garcinia hanburyi trees (35) , is a promising anticancer agent currently in phase II clinical trials in China in patients with non-small-cell lung, colon, and renal cancers (36) . GBA potently inhibits cancer cell proliferation in vitro and in mouse xenograft models (37) (38) (39) (40) (41) . Although GBA is reported to have multiple effects in cancer cells (42, 43) , recent studies have ascribed some of GBA's antitumor activity to its binding to Hsp90 (44, 45) . In this report, we further define the interaction of GBA with Hsp90. Unexpectedly, our findings identify GBA as an Hsp90β-specific inhibitor. Using a series of Hsp90 deletion mutants and molecular docking of GBA to the Hsp90 MD, we have uncovered a previously unrecognized druggable binding site distinct from the NTD ATP pocket-and CTD novobiocin-binding sites. Thus, our findings provide access to bioprobes able to pharmacologically dissect the isoform-specific functions of Hsp90α and Hsp90β. In addition, they demonstrate that GBA represents a lead with which to pursue new drug discovery efforts exploiting a novel mechanism of Hsp90 inhibition.
Results

GBA Preferentially
Binds to the Hsp90β Isoform. The chemical structures of GBA and biotinylated GBA (Bio-GBA) are shown in Fig.  1A . Using streptavidin bead pulldowns from cell lysates, we first examined Bio-GBA binding to FLAG-tagged Hsp90α, Hsp90β, and TRAP1 proteins that were transiently expressed in HEK293 cells. We found that Bio-GBA was only able to bind to FLAGHsp90β, whereas STA-7346 (a biotinylated derivative of the NTD ATP pocket-binding inhibitor STA-9090) binds strongly to all three isoforms (Fig. 1B) . Next, we examined Bio-GBA's ability to bind to purified Hsp90 proteins. Consistent with the transient transfection data, GBA binds markedly less to Hsp90α and TRAP1 proteins than it does to Hsp90β (Fig. 1C) . To investigate the binding preferences of endogenous Hsp90 proteins, we used lysate from HEK293 and SKBR3 cell lines to compare Bio-GBA's ability to bind Hsp90 paralogs. Again, GBA does not detectably bind to endogenous Hsp90α and GRP94; the only detectable binding was to Hsp90β. Conversely, STA-7346 could not distinguish between paralogs and binds all three ( Fig. 1 D and E) . To compare the relative affinities of GBA to Hsp90α and Hsp90β, we set up a competition assay in which lysates were incubated with increasing concentrations of unlabeled GBA before pulldown of FLAG and HA-tagged Hsp90 proteins with Bio-GBA. We found that unlabeled GBA was able to compete with Hsp90β binding to Bio-GBA in a dose-dependent manner, whereas Hsp90α displayed a low level of binding not affected by increasing concentrations of unlabeled GBA (Fig. 1F) . A plate-based (luminescence-based mammalian interactome; LUMIER) drug-binding assay confirmed the isoform specificity of Bio-GBA, which interacted with Hsp90β 10 times more strongly than it did with Hsp90α ( Fig. 1G ).
Gambogic Acid Promotes Degradation of Hsp90-Dependent Clients and Demonstrates a Unique Client and Cochaperone Binding Profile.
To explore the cellular consequences of GBA-mediated inhibition of Hsp90β, we assessed depletion of selected endogenous Hsp90 clients. We treated SKBR3 cells with 0 to 10 μM GBA for 6 h (DMSO was used as a negative control) and measured the levels of the Hsp90-dependent kinases ErbB2, phospho-Akt, Akt, and Cdk4 and the Hsp90-dependent nuclear receptor glucocorticoid receptor (GR). α-Tubulin was used as a loading control. GBA promoted the loss of these Hsp90-dependent clients in a concentration-dependent manner ( Fig. 2A) . Importantly, and in contrast to ATP-competitive NTD-targeted inhibitors, GBA treatment did not cause a significant cotemporal induction of either of the cytoprotective chaperones Hsp70 and Hsp27 ( Fig. 2A) . Next, we asked whether Bio-GBA could isolate client-Hsp90 protein complexes, as most currently identified Hsp90 inhibitors are unable to do so. GBA was able to bind Hsp90 associated with several endogenous clients in HEK293, SKBR3, and 22Rv1 cells, including ErbB2, Cdk4, Raf-1, GR, and androgen receptor (AR), a second Hsp90-dependent nuclear receptor (Fig. 2B) .
Cochaperones bind to distinct conformations of Hsp90 and deliver clients or facilitate structural changes in the chaperone to inhibit or accelerate Hsp90 ATPase activity. Consequently, cochaperones are important regulators of Hsp90 dynamics, and their binding identifies distinct conformational states of the chaperone. We examined which cochaperone-Hsp90 complexes are accessible to GBA in HEK293 cells. Bio-GBA was able to pull down Hsp90 associated with the cochaperones Cdc37, Aha1, FKBP52, and Cyp40, while excluding Hop and p23 (Fig. 2C ). These data suggest that GBA, unlike most N-terminal ATP pocket-binding inhibitors, recognizes a range of ATP-dependent and ATP-independent Hsp90 conformations.
To confirm that copulldown of clients and cochaperones was indirect and dependent on GBA binding to Hsp90β, we transfected HEK293 cells with either control or Hsp90β-specific siRNA for 72 h and then blotted cell lysates for the degree of Hsp90β knockdown and client/cochaperone levels. At the same time, we affinity-purified Hsp90β complexes with Bio-GBA and blotted for selected copurifying cochaperones and clients (Fig. S1 ). The data show clearly that neither client nor cochaperone levels in lysates were affected by Hsp90β siRNA (whereas Hsp90β expression was reduced). In contrast, clients and cochaperones in a Bio-GBA pulldown from lysates of Hsp90β siRNA-treated cells were clearly reduced, concomitant with a reduction in the amount of affinity-purified Hsp90β.
GBA Binds at a Site Distinct from N-Terminal and C-Terminal Hsp90
Inhibitors. Current Hsp90 inhibitors target nucleotide-binding sites in either the NTD or CTD (46, 47) . Because these regions are highly conserved throughout the four Hsp90 paralogs, these agents do not selectively target one paralog over another (48) (49) (50) . The apparent selectivity of GBA for Hsp90β suggested that its binding site was unique. To determine whether GBA bound to the NTD ATP pocket, we pretreated HEK293 lysate with STA-9090, SNX-2112, or 17AAG (each at 10 μM). None of these drugs had any effect on the amount of Hsp90β subsequently pulled down by Bio-GBA (Fig. 3A) . To confirm these findings, we demonstrated that pretreatment with unlabeled GBA (10 μM) had no effect on the ability of STA-7346 or SNX-2112 to pull down Hsp90β. As a positive control, we showed that N-terminal inhibitors were able to compete with each other. To test whether C-terminal inhibitors are competitive with GBA, we pretreated cell lysate with the novobiocin derivative KU32 (10 μM) (51), which also did not affect Bio-GBA binding to Hsp90β (Fig. 3A) .
Finally, we used the LUMIER assay to provide quantitative support for these observations (Fig. 3B ).
Domain Dissection of Hsp90β Reveals a Druggable Site in the Hsp90β
MD. To identify the GBA-binding site on Hsp90β, we constructed a series of recombinant C-terminal 3×F(LAG)-Hsp90β truncation mutants. These constructs were transfected into HEK293 cells, and we subsequently subjected cell lysates to Bio-GBA and streptavidin beads. We found that the first 432 residues of Hsp90β are needed to confer GBA binding, eliminating any requirement of the CTD that begins at residue 602 in Hsp90β (Fig. 4 and Fig. S2 ).
In addition, because GBA does not bind to the NTD alone, these data suggest that the MD of Hsp90β is the site of GBA binding.
Specifically, it appears that residues between amino acids 368 and 453 are critical for binding. In support of this model, Bio-GBA Fig. 3 . Gambogic acid binds at a site distinct from NTD and CTD Hsp90 inhibitors. (A) HEK293 cells were lysed and lysates were treated with various Hsp90 inhibitors (10 μM). Bio-GBA and streptavidin beads were then added to isolate Hsp90β. Only unlabeled GBA was able to compete with Bio-GBA for binding. Conversely, HEK293 lysate was also incubated with free GBA and pulled down with STA-7346-or SNX-2112-conjugated drug beads. GBA did not block binding of these NTD-targeted inhibitors. As a positive control, STA-9090 (ganetespib) was added to lysate followed by Hsp90 pulldown with SNX-2112-conjugated beads and competitive binding inhibition was observed. Similar competitive binding inhibition was seen when SNX-2112 was added to lysate followed by Hsp90 pulldown with STA-7346. (B) LUMIER analysis of drug competition confirmed that no NTD-or CTD-targeted inhibitors compete with GBA for binding to Hsp90β. Error bars represent SDs. *P < 0.05.
binds to NTD-deleted Hsp90β (Fig. 4 and Fig. S2 ). In contrast, STA-7346, which binds within the N-terminal ATP pocket, requires only the Hsp90β NTD for binding. However, when this region is deleted in the 268-642 Hsp90β mutant, STA-7346, unlike Bio-GBA, is no longer able to bind (Fig. 4 and Fig. S2 ). Taken together, these findings are consistent with GBA recognizing a druggable site within the MD of Hsp90β that provides paralog specificity.
Identification of the GBA-Binding Pocket in Hsp90β Using Computational
Modeling and Site-Specific Mutagenesis. Based on the above domain dissection data, we performed blind docking of GBA over the entire MD of Hsp90β and identified a single potential binding pocket located around residues 350 to 436 (Fig. 5A) . This pocket contains a deep hydrophobic cavity formed by residues I353, L369, I370, and S365 of Hsp90β that is able to accommodate the hydrophobic side chain located at the C2 position of GBA. Moreover, the hydrogen bonds formed with residues E372, N436, N375, and N351 play an important role in stabilizing the interaction of GBA with Hsp90β ( Fig. 5 A and B) . In contrast, blind docking of GBA over the equivalent site of Hsp90α (residues 359 to 444) revealed no suitable binding pocket able to accommodate GBA (Fig. 5C) . Specifically, the structurally related hydrophobic cavity on Hsp90α is occluded and cannot accommodate the C2 hydrophobic side chain of GBA; further, the related protein surface of Hsp90α is spatially crowded and cannot bind the rigid framework of GBA ( Fig. 5 B and C) .
To experimentally test the computational predictions of the GBA-binding pocket on Hsp90β, we mutated key residues within the binding region and measured the effect of mutation on Bio-GBA binding. Based on surface topography and sequence similarity between Hsp90α (PDB ID code 3Q6M) and Hsp90β (PDB ID code 3PRY), we created two mutants in 3×F-Hsp90β: the single mutant S365N and the triple mutant L369S, I370S, E372A, denoted as 369SSA. In the S365N single mutation, the serine 365 residue found at the top of the hydrophobic cavity of Hsp90β was replaced by asparagine, reminiscent of the N373 residue that is found at the similar position in Hsp90α. The 369SSA triple mutation was designed to evaluate the effect of the hydrophobic wall at the left side of the GBA-binding pocket. Thus, hydrophobic residues L369 and I370 were mutated to serine, a small uncharged residue. Moreover, the E372 glutamic acid, predicted to form a hydrogen bond with GBA, was replaced by alanine, an amino acid that has no ability to form hydrogen bonds. As envisioned, both mutant proteins demonstrated significantly reduced binding to Bio-GBA (Fig. 5 D and E) . The S365N mutation introduces steric hindrance at the top of the hydrophobic cavity and reduces hydrophobicity, as shown by comparing the molecular surfaces of wild-type Hsp90β and the S365N mutant (Fig. S3 A and B) . The 369SSA triple mutation results in markedly more impaired GBA binding. This is consistent with the significant changes that occur in both surface topography and electrostatic potential of the GBA-binding pocket of this mutant (Fig. S3C) . The triple mutation simultaneously reduces the hydrophobicity contributed by the leucine and isoleucine side chains, eliminates the negative charge contributed by glutamic acid, and eliminates the hydrogen bond formed between E372 and the hydroxyl group of Bio-GBA. To confirm that the triple mutant retains structural integrity, we used HA beads to immunoprecipitate HA-tagged wild-type and triple-mutant Hsp90β transiently expressed in HEK293 cells. Blotting for associating cochaperones Hop (interacts with the Hsp90 open conformation), Cdc37 (interacts with the open conformation), and p23 (interacts with the ATP-bound closed conformation) detected no differences in cochaperone association with wild-type and triple-mutant Hsp90β (Fig. S3D) . Similarly, equivalent amounts of both HA-tagged Hsp90β proteins were pulled down from HEK293 lysate with the biotinylated, ATP-competitive, NTD-targeted inhibitor STA-7346 (Fig. S3E) . Taken together, these data confirm that triple mutation of Hsp90β residues L369, I370, and E372 does not compromise the chaperone's structural integrity. Based on the binding mode of GBA to Hsp90β, both the C2 hydrophobic motif and C29 carboxylic acid group significantly contribute to GBA's ability to bind to Hsp90β. Consequently, modifications were made to the backbone of GBA to confirm our virtual docking model and to point the way forward to developing more effective/specific Hsp90β inhibitors (Fig. 6A) . Along these lines, we synthesized MAD28 (52-54), which maintains the central rigid caged Garcinia xanthone framework but lacks both the hydrophobic side chains at the periphery of the A ring of GBA (shown in green circles in Fig. 6A ) and the C29 carboxylic acid group (shown in yellow circles in Fig. 6A ). In addition, we synthesized DAP-19, in which the carboxylic acid of GBA has been converted to a morpholine amide. The incorporated morpholine amide unit was projected to occupy an available binding region around residue K435 and concomitantly to form an additional hydrogen bond between K435 and the morpholine oxygen, thereby increasing the binding to Hsp90β (Fig. 6B) . To test these GBA derivatives for binding to Hsp90β, we assessed their ability to compete with Bio-GBA. We found that MAD28, which lacks the critical hydrophobic arms and has reduced ability to form H bonds, did not compete efficiently with Bio-GBA for binding to Hsp90β in cell lysate (Fig.  6C) . In contrast, DAP-19 competed more effectively than did unlabeled GBA itself. These results were confirmed using the LUMIER assay to quantify Bio-GBA binding to Hsp90β (Fig. 6D ).
Discussion
Current Hsp90 inhibitors being evaluated in the clinic lack the ability to distinguish between cytosolic chaperone isoforms (55) . Recently, Blagg and colleagues identified an inhibitor binding to the Hsp90 CTD with moderate specificity for Hsp90α (34) . Our data identify GBA as a bioprobe demonstrating Hsp90β-specific inhibition, with a 10-fold binding preference for Hsp90β compared with Hsp90α. Further, GBA does not bind to either the endoplasmic reticulum or mitochondrial Hsp90 paralogs GRP94 and TRAP1, respectively, making it an essentially pure Hsp90β inhibitor. This observation was confirmed through multiple binding assays using tagged, purified, and endogenous Hsp90 proteins. Brief exposure of SKBR3 breast cancer cells to GBA results in the loss of Hsp90 client protein expression, confirming an important role specifically for Hsp90β in these cells. Unlike most other NTDdirected Hsp90 inhibitors, brief exposure to GBA does not markedly induce the cytoprotective chaperones Hsp70 and Hsp27, and GBA is able to pull down Hsp90β that is complexed to diverse client proteins. Our data suggest that GBA may recognize multiple Hsp90 conformational states, unlike most NTD-or CTD-targeted inhibitors. This hypothesis is supported by the ability of GBA to pull down various cochaperone-Hsp90 complexes associated with both ATP-dependent (e.g., Aha1, Cyp40) and ATP-independent (Cdc37, CHIP, FKBP52) Hsp90 conformations. Further study is necessary to understand why other cochaperones identified with either ATP-dependent (e.g., p23) or ATP-independent (e.g., Hop) Hsp90 conformational states are not present in GBA pulldowns, but our findings are consistent with unique cochaperone impacts on Hsp90 conformation in and around the GBA-binding site. These characteristics of GBA are inconsistent with binding to previously identified regions in the Hsp90 NTD or CTD (56, 57) . Indeed, several NTD-and CTD-directed inhibitors did not compete with GBA for binding to Hsp90β, consistent with the possibility that GBA recognizes a unique region in Hsp90. Using a series of CTD and NTD truncation mutants, we localized the GBA-binding region to a portion of the Hsp90 MD not previously identified as a drug-binding site. Molecular modeling of this region identified a pocket in Hsp90β composed of amino acids 368 to 453 able to accommodate GBA and stabilize its interaction via a number of hydrophobic and ionic interactions. Importantly, the equivalent region in Hsp90α was unable to do so, providing an explanation of GBA's unique isoform specificity and identifying this MD pocket as an additional druggable domain in Hsp90. The location of the GBA-binding pocket relative to the domain organization of Hsp90 is shown in Fig. S4 .
Finally, based on our molecular docking model, we made chemical modifications to GBA that either improved (e.g., or impaired (e.g., MAD28) interaction with Hsp90β, thus providing further support for our proposed GBA-binding pose and proof of concept that this region in Hsp90β is pharmacologically tractable. Although additional studies will be necessary to more precisely identify the mechanism by which GBA disrupts Hsp90 conformational dynamics to inhibit its chaperone function, our data identify GBA as both a bioprobe with which to interrogate the cellular consequences of specifically inhibiting Hsp90β as well as a lead compound to identify novel and specific isoform-selective Hsp90β inhibitors with possible application to cancer and other diseases.
Materials and Methods
Reagents. GBA (43), Bio-GBA (58), and MAD28 (52-54, 59) were synthesized as previously described. The synthesis and spectroscopic characterization of DAP-19 are shown in SI Materials and Methods and Figs. S5-S7. Geldanamycin was obtained from the Developmental Therapeutics Program, National Cancer Institute. STA-9090 and STA-7346 were obtained from Synta Pharmaceuticals. SNX-2112 and SNX-2112 affinity resin were a kind gift from Timothy Haystead, Duke University, Durham, NC. Antibodies used were as follows: anti-FLAG (SigmaAldrich), anti-TRAP1 (kind gift from Sara Felts, Mayo Clinic, Rochester, MN), antiHsp90α (Cell Signaling), anti-Hsp90β (Pierce), anti-HA (Sigma-Aldrich), anti-ErbB2 (Neomarkers), anti-phospho-Akt, (Cell Signaling), anti-AKT (Cell Signaling), anti-CDK4 (Santa Cruz), anti-GR (Santa Cruz), anti-α-tubulin (Calbiochem), anti-AR (Santa Cruz), anti-Raf1 (Neomarkers), anti-Hop (Enzo Life Sciences), anti-Aha1 (Rockland), anti-Cdc37 (Cell Signaling), anti-Cyp40 (Abcam), anti-FKBP52 (Abcam), anti-p23 (Enzo Life Sciences), and anti-CHIP (Cell Signaling).
Cell Lines and Transfection. SKBR3 and 22Rv1 cells were purchased from the American Type Culture Collection. HEK293 cells were purchased from Invitrogen. Cells were cultured in DMEM containing 10% (vol/vol) FBS in incubators held at 37°C and 5% CO 2 . Cells were washed with PBS and lysed in TNES buffer (50 mM Tris, 0.1% Nonidet P-40, 2 mM EDTA, 100 mM NaCl) with added protease and phosphatase inhibitor (Roche). Lysates were centrifuged at 16,000 × g for 10 min, and protein content in the clarified supernatant fraction was quantified using the BSA protein assay kit (Pierce). HEK293 cells were transfected with various plasmids (see below) using X-tremeGENE 9 (Roche) transfection reagent for 16 h following the manufacturer's protocol. Cells were then lysed as above and subjected to further analysis.
Affinity Purification and Western Blot. For affinity purification, 600 to 800 μg of total protein was precleared with streptavidin beads, treated with biotinylated drug (Bio-GBA or STA-7346) for 1 h at 4°C, and incubated with streptavidin beads for an additional hour at 4°C with rotation. SNX-2112 affinity resin was added to precleared lysate. Streptavidin bead or SNX-2112 affinity resin complexes were washed three times with TNES buffer, and proteins were eluted in 4× sample loading buffer [250 mM Tris·HCl, 40% (vol/vol) glycerol, 5% (vol/vol) SDS, 250 mM DTT, 0.1% bromophenol blue], subjected to SDS/PAGE, and transferred to nitrocellulose. Membranes were blocked for 1 h with 5% milk, and primary antibodies were added in 5% milk and incubated overnight at 4°C. Secondary antibodies coupled to HRP were incubated for 1 h at room temperature, and signals were detected with the SuperSignal Detection System (Pierce).
Plasmids. The following plasmids were generated as previously described (8): FLAG-Hsp90α, FLAG-Hsp90β, FLAG-TRAP-1, 3×F(LAG)-Hsp90α, 3×F-Hsp90β, HAHsp90α, HA-Hsp90β, HA-Hsp90β_S365N, HA-Hsp90β_369SSA (the triple mutant L369S, I370S, E371A), 3×F-Hsp90β_c200, 3×F-Hsp90β_c218, 3×F-Hsp90β_c236, 3×F-Hsp90β_c276, 3×F-Hsp90β_c315, 3×F-Hsp90β_c369, 3×F-Hsp90β_c453, 3×F-Hsp90β_c553, 3×F-Hsp90β_c598, 3×F-Hsp90β_c692, and 3×F-Hsp90β_268-642.
Drug Binding Using a Modified Luminescence-Based Mammalian Interactome Procedure. To determine the relative binding strength of Bio-GBA to Hsp90 isoforms and their mutants, we followed a modified version of the LUMIER method, as previously described (8) . Briefly, HEK293 cells were transfected with each 3×F-Hsp90 expression plasmid. Eighteen hours later, transfected cells were harvested with cold TGNET buffer (50 mM Tris·HCl, pH 7.5, 5% glycerol, 100 mM NaCl, 2 mM EDTA, 0.5% Triton X-100). Streptavidin-coated 96-well plates (Pierce) were incubated with Bio-GBA, blocked with TGNET buffer + 3% BSA, and washed. An equal amount of fresh protein lysate was added simultaneously to a streptavidin plate and to an anti-FLAG-coated plate (Sigma-Aldrich). Both plates were incubated for 2 h at 4°C and washed, and anti-FLAG-HRP (Sigma-Aldrich) was added to each well. The plates were again incubated at 4°C for 2 h and washed. Finally, the plates were read on a plate reader to measure HRP luminescence activity (Pierce). The relative interaction strength was determined by dividing the light values of the Bio-GBA plate by those of the anti-FLAG plate. Each assay was repeated three times with four replicates each time. SDs are represented by error bars. A two-tailed t test was used to determine statistical significance. All calculations were performed in Excel (Microsoft).
Computer Modeling of GBA Docking to Hsp90β. To determine the binding site of GBA in the MD of Hsp90β, an in-house molecular docking tool named iFitDock (60) was used to perform a global (blind) docking over the whole protein surface. The structure of Hsp90β (PDB ID code 3PRY) was prepared with the Protein Preparation Wizard (61) in the Maestro suite (https://www.schrodinger.com/ maestro) with default settings. A large docking box with the size of 40 × 50 × 80 Å was designed to completely wrap the protein and be used to generate scoring grids with DOCK 6.5 (62) . The initial coordinates of GBA and DAP-19 were generated by using Chem3D 14.0 (63) and minimized with the MM2 force field, and their atomic partial charges were assigned by means of the Gasteiger-Marsili method (64) . The protein structure was taken as rigid and the other parameters were set as default in docking simulations. As a result, we identified a distinct binding site (and the only binding site) on Hsp90β that was able to accommodate GBA and DAP-19. Binding affinities for all of the binding modes of small molecules to protein were estimated by using the MM-GBSA method (65, 66) . GBA does not bind directly to Hsp90 clients and cochaperones. HEK293 cells were transfected with control siRNA or Hsp90β siRNA (20 nM). Cell lysates were prepared after 72 h and incubated with biotinylated GBA to isolate Hsp90-client/cochaperone complexes. "Input" lanes reflect lysate concentrations of Hsp90β and each client or cochaperone. Biotinylated GBA pulldown lanes are shown (Left). Although cochaperone and client expression was not affected by silencing Hsp90β, copulldown of these proteins was reduced, consistent with the degree of reduction in expression of Hsp90β following siRNA silencing. . In D, three cochaperones associated to an equivalent degree with wild-type and mutated Hsp90β. In E, the biotinylated N-terminal inhibitor STA-7346 affinity-purified both wild-type and mutant Hsp90β with equal efficiency. Taken together, the data in D and E confirm that Hsp90β 369SSA is structurally intact. 
